r Phasic release of acetylcholine (ACh) in the neocortex facilitates attentional processes. r Acting at a single metabotropic receptor subtype, ACh exerts two opposing actions in cortical pyramidal neurons: transient inhibition and longer-lasting excitation.
Introduction
Pyramidal neurons expressing M1-type muscarinic acetylcholine (ACh) receptors (mAChRs) coupled to G q -type G-protein alpha subunits are key targets of cholinergic afferents to the cerebral cortex and hippocampus (Gulledge et al. 2009; Dasari & Gulledge, 2011) . M1 receptors initiate two distinct responses in cortical pyramidal neurons: transient inhibition induced by inositol trisphosphate (IP 3 )-triggered calcium release from intracellular stores and subsequent activation of calcium-dependent small conductance potassium ('SK') channels, and a longer lasting and voltage-dependent excitation mediated primarily by one or more non-specific cation channels (Andrade, 1991; Haj-Dahmane & Andrade, 1996; Klink & Alonso, 1997; Haj-Dahmane & Andrade, 1998; Egorov et al. 2002; Shalinsky et al. 2002; Egorov et al. 2003; Magistretti et al. 2004; Yan et al. 2009; Zhang & Seguela, 2010; Rahman & Berger, 2011; Zhang et al. 2011; Dasari et al. 2013; Lei et al. 2014) .
SK-mediated inhibitory responses to ACh 'run down' rapidly during repetitive M1 receptor stimulation at resting membrane potentials (RMPs), but remain robust when neurons are depolarized (Gulledge & Stuart, 2005) . Because the ongoing fidelity of inhibitory cholinergic responses at depolarized potentials is sensitive to extracellular cadmium (Gulledge & Stuart, 2005) , a non-specific blocker of calcium conductances, we hypothesized that response rundown at RMPs reflects depletion of intracellular calcium stores that are refilled by voltage-dependent influx of extracellular calcium. Further, because mAChR stimulation facilitates the recovery of inhibitory cholinergic responses , we further hypothesized that M1 receptors engage two complementary signal transduction pathways in pyramidal neurons, one acting to promote IP 3 -dependent calcium release from the endoplasmic reticulum (ER) to activate SK channels, and another that enhances action potential output in response to suprathreshold excitatory input, while at the same time promoting voltage-dependent refilling of ER calcium stores. According to this 'unifying hypothesis' of M1 cholinergic transmission in cortical pyramidal neurons, cholinergic excitation reflects, in part, inward calcium currents that refill the intracellular calcium stores responsible for SK-mediated inhibition. Here we test these hypotheses, confirming that activation of mAChRs facilitates the entry of extracellular calcium at subthreshold membrane potentials, and that this calcium entry is necessary to maintain the ongoing fidelity of cholinergic inhibitory responses over time.
Methods

Ethical approval
Experiments were performed on 5-to 8-week-old C57BL/6 mice of both sexes according to procedures approved by the Institutional Animal Care and Use Committee of Dartmouth College. Mice, originally sourced from the Jackson Laboratory, were bred in-house and maintained on a 12 h/12 h light-dark cycle with unlimited access to food and water in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Slice preparation and recording
On the day of experiments, animals were anaesthetized with vaporized isoflurane (2%) and decapitated, with brains removed into artificial cerebral spinal fluid (aCSF) containing (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 5 MgCl 2 and 25 glucose (bubbled with 95% O 2 /5% CO 2 ). Coronal brain slices of the medial prefrontal cortex (250 μm thick) were cut using a vibratome and stored in aCSF containing 2 mM CaCl 2 and 1 mM MgCl 2 (continuously bubbled with 95% O 2 /5% CO 2 ). For the majority of experiments, recording pipettes (5-8 M ) were filled with a pipette solution composed of (in mM): 140 potassium gluconate, 2 NaCl, 2 MgCl 2 , 10 Hepes, 3 Na 2 ATP and 0.3 NaGTP (pH 7.2 with KOH). For perforated-patch recordings (see Fig. 2B ), recording pipettes were filled with (in mM): 125 KCl, 25 glucose, 15 Hepes, 10 potassium gluconate, 3 MgCl 2 and 0.1 Lucifer yellow (pH 7.2 with KOH). Immediately before perforated-patch experiments, gramicidin was dissolved in DMSO and diluted into the pipette saline to a final concentration of 20 μg ml -1 . Perforated-patch recordings utilized unfilamented patch pipettes that were front-filled with gramicidin-absent internal saline, and back-filled with internal saline including gramicidin (Gulledge & Stuart, 2003) . Recordings were made from visually identified layer 5 pyramidal neurons in the prelimbic region of the medial prefrontal cortex. Data were acquired with Axograph software (Axograph, Sydney, Australia) using a BVC-700 amplifier (Dagan Corporation, Minneapolis, MN, USA) and an ITC-18 digitizer (HEKA Instruments, Bellmore, NY, USA). Voltage responses were filtered at 5 kHz, digitized at 25 kHz, and corrected for the liquid junction potentials for potassium gluconate (+12 mV) and gramicidin-based (+2 mV) pipettes. For traditional whole-cell recordings, series resistances (10-30 M ) were maximally compensated. For perforated-patch recordings, series resistances were generally greater than 100 M , and were left uncompensated. The integrity of perforated-patch recordings was monitored visually, and neurons exhibiting somatic leak of Lucifer yellow were discarded. All experiments were carried out at 35 ± 1°C.
To measure cytosolic calcium changes, 100 μM Oregon Green 488 BAPTA-6F (OGB6; Life Technologies, Carlsbad, CA, USA) was included in the patch pipette, and images (ß20 Hz) were acquired with a CCD camera (Photometrics, Tucson, AZ, USA; 470 nm LED illumination) on a conventional upright epifluorescence microscope, or with a two-photon laser scanning microscope (Brukur Ultima) using 820 nm excitation from a Ti:sapphire laser (Coherent, Santa Clara, CA, USA). Mean somatic florescence intensities were background subtracted and signals presented as the ratio of the change in mean fluorescence (relative to baseline mean fluorescence) divided by baseline mean fluorescence (F/F).
To stimulate cholinergic responses, ACh was dissolved in aCSF (to 100 μM) and focally applied from a patch pipette near the somata of recorded neurons (ß10 psi and for a duration of 100 ms, unless otherwise noted). When ACh was applied at RMPs, neurons were initially 'primed' with suprathreshold current injections (ß300 pA; 5.7 s) to maximize initial responses to ACh (see Fig. 2A ). To apply ACh in the presence of nominally calcium-free aCSF (3 mM Mg 2+ ), ACh dissolved in calcium-free aCSF was loaded into one channel of a two-channel theta-glass patch pipette, while the other channel contained calcium-free aCSF alone. Each of the two pipette channels was independently controlled, allowing transient application of ACh alone, or application of ACh during longer applications of calcium-free aCSF.
The magnitude of cholinergic inhibitory responses was measured as the amplitude of hyperpolarizing responses from RMPs, or as the duration of action potential inhibition during which ACh was delivered during periods of constant suprathreshold current injection. Excitatory responses to ACh during periods of action potential generation were quantified as the percentage change in mean instantaneous spike frequency (ISF) as measured during the 2 s before ACh application and over the first 2 s following the end of SK-mediated inhibition ).
Statistical analysis
Data are presented as mean ± SEM. Comparisons of paired data used a Student's t-test (two-tailed) for paired samples, or repeated measures ANOVA, as appropriate. Comparisons of multiple group means involved one-way ANOVAs.
Results
To test the hypothesis that state-dependent rundown of inhibitory cholinergic responses reflects a failure of mAChR-induced calcium release from intracellular stores, we applied ACh (100 μM, 100 ms) three consecutive times (0.125 Hz) to layer 5 pyramidal neurons filled with the calcium indicator OGB6 (100 μM). During periods of current-induced action potential generation (mean frequency = 14 ± 2 Hz; n = 8), focal ACh generated biphasic responses characterized by transient cessation of action potential generation (mean durations of inhibition were 1.0 ± 0.2, 0.9 ± 0.2 and 0.9 ± 0.2 s, respectively, for three consecutive ACh applications), followed by increases in action potential frequency above baseline levels of 167 ± 17, 153 ± 10 and 152 ± 10%, respectively. Coinciding with these electrophysiological responses were somatic calcium transients of 31 ± 4, 26 ± 3 and 22 ± 2% (F/F × 100; Fig. 1A and B) . On the other hand, when triggered at RMPs, inhibitory 'SK' responses (−2.6 ± 0.4 mV) and calcium transients (30 ± 4%) occurred only in response to the initial application of ACh. During the two subsequent presentations of ACh, inhibitory responses and calcium transients were absent ( Fig. 1A and  B) . These data suggest that single exposures to ACh are sufficient to deplete intracellular calcium stores, but that refilling of those stores is impaired at RMPs. However, since initial ACh-driven calcium transients were of similar magnitude at both RMPs and during activity (30 ± 4 and 31 ± 4%, respectively; P = 0.88, paired Student's t-test), it is likely that ACh generates a similar level of mAChR signal transduction in the two conditions. Finally, we tested for correlation between intracellular calcium signals and electrophysiological responses to initial applications of ACh delivered during periods of action potential generation or at RMPs (Fig. 1C) . While the enhancement of action potential frequency was not correlated with intracellular calcium transients (R 2 = 0.09, P = 0.47, linear regression), inhibitory SK responses occurring during active spiking (R 2 = 0.77, P < 0.05) or at RMPs (R 2 = 0.67, P < 0.05) were positively correlated with the magnitude of intracellular calcium transients.
The results above suggest that rundown of SK responses may reflect depletion of intracellular calcium stores following mAChR activation at RMPs. However, IP 3 receptors are directly regulated by intracellular calcium concentrations, with optimal IP 3 receptor sensitivity to IP 3 occurring when calcium levels are at intermediate concentrations (ß200 nM), and with IP 3 sensitivity reduced when calcium concentrations are lower or higher than this optimal level (Bezprozvanny et al. 1991) . To test J Physiol 595.5 whether SK response rundown at RMPs reflects reduced IP 3 receptor sensitivity following initial applications of ACh, we increased the duration of ACh application during the subsequent two applications (to 500 and 1000 ms, respectively) to enhance mAChR activation on each subsequent application ( Fig. 2A ). Under these conditions, cholinergic SK responses continued to rundown at RMPs, with response amplitudes decreasing from −2.8 ± 0.3 mV following the first 100 ms ACh application, to −1.5 ± 0.4 and −0.3 ± 0.2 mV following the 500 and 1000 ms ACh applications, respectively (n = 8; P < 0.05, repeated measures ANOVA). At the same time, cholinergic inhibition of action potential genesis at depolarized potentials remained robust across all three ACh applications, with the mean durations of inhibition being 0.9 ± 0.1, 0.8 ± 0.1 and 0.7 ± 0.1 s, respectively ( Fig. 2A ; P = 0.43, repeated measures ANOVA). These results suggest that SK response rundown at RMPs does not result from reduced IP 3 receptor sensitivity.
Another possibility is that dialysis of the cytosol during whole-cell recording may disrupt processes necessary for store-refilling at RMPs. To control for this, we recorded seven neurons using a perforated-patch configuration that preserves intracellular integrity ( Fig. 2B ; see Methods). Under these conditions, SK responses at RMPs continued to rundown rapidly, from −3.6 ± 0.7 mV during the first ACh application to −0.5 ± 0.6 mV on each of the next two ACh applications (n = 7; P < 0.05, repeated measures ANOVA). In these same neurons, ACh continued to generate robust SK responses when neurons were subjected to suprathreshold depolarization (Fig. 2B) , with mean durations of inhibition following each of the three ACh applications being 0.7 ± 0.3, 0.6 ± 0.2 and 0.6 ± 0.2 s, respectively (P = 0.22, repeated measures ANOVA). Together, these data confirm that inhibitory cholinergic responses preferentially rundown at RMPs, while remaining robust when neurons are depolarized.
If rundown of SK responses at RMPs reflects depletion of intracellular calcium stores, how are stores refilled , voltage (top) and calcium (F/F; bottom) responses to three consecutive applications of ACh (100 µM; 100 ms) at RMPs (black; −70 mV) or during suprathreshold somatic current-injection (red). Calcium transients and hyperpolarizing responses 'rundown' during repetitive applications of ACh at rest, but persist when ACh is delivered during current-induced action potential generation. B, comparison of ACh-stimulated calcium transients (as measured as changes in fluorescence) to three applications of ACh at RMPs (black) or during current-induced activity (red). * P < 0.05. C, plots of percentage increases in spike rate (top) and durations of spike inhibition (middle) measured following ACh applications during current-induced action potential generation, and SK-mediated response amplitudes measured at RMPs (bottom), vs. coinciding changes in cytosolic calcium (F/F). Red lines indicate linear regressions to data. during periods of action potential generation? Because cholinergic inhibitory responses and their associated calcium transients are sensitive to extracellular cadmium (Gulledge & Stuart, 2005) , we reasoned that store refilling must require calcium entry from the extracellular space. We tested this by challenging cholinergic inhibitory responses with local perfusion of nominally calcium-free aCSF (replaced with equimolar Mg 2+ ). Calcium-free aCSF impaired both ACh-induced calcium transients and inhibitory SK responses (Fig. 3) . Under baseline conditions, when ACh was delivered at RMPs following priming depolarizing steps (Fig. 3A) , inhibitory SK responses were −3.7 ± 0.3 mV (n = 14). When calcium-free aCSF was focally applied during and following priming steps, these responses were reduced to −1.2 ± 0.2 mV (P < 0.05, paired Student's t-test; Fig. 3A and B). In a second set of experiments, in which neurons were filled with the calcium indicator OGB6 (100 μM; n = 6; Fig. 3C ), local perfusion of calcium-free aCSF reversibly reduced both cholinergic SK responses (from −2.8 ± 0.4 to −0.7 ± 0.2 mV; Fig. 3D ; P < 0.05, repeated measures ANOVA) and calcium transients (from 50 ± 9.0 to 6 ± 0.1%; Fig. 3E ; P < 0.05, repeated measures ANOVA).
Local perfusion of calcium-free aCSF also impaired inhibitory SK responses and calcium transients following ACh delivery during periods of sustained action potential generation (Fig. 4) . Under baseline conditions, repetitive applications of ACh (0.125 Hz; dissolved in calcium-free aCSF) reliably generated inhibitory responses and coincident intracellular calcium transients (Fig. 4A) . However, when calcium-free aCSF was locally perfused between the first and final ACh applications, inhibitory responses and calcium transients were effectively eliminated (n = 7; Fig. 4A and C) . To control for potential interference of ACh signalling by focal application of calcium-free saline, in additional experiments we paired ACh applications with local perfusion of normal (i.e. 2 mM Ca 2+ , 1 mM Mg 2+ ) aCSF (n = 5), and observed no significant impact on cholinergic responses ( Fig. 4B and C) . Together, these results demonstrate that fidelity of cholinergic inhibition over time requires entry of calcium from the extracellular space, and that this entry is promoted by depolarization from RMPs. We previously reported that maintenance of repetitive cholinergic inhibitory responses is voltage-dependent, but does not require action potential generation (Gulledge & Stuart, 2005) . Further, we found that prior exposure to ACh enhanced voltage-dependent recovery from response rundown ). These observations suggest that pairing mAChR activation with subthreshold depolarization may be sufficient to rescue cholinergic inhibition. To test this hypothesis, we ran down inhibitory cholinergic responses with three sequential applications of ACh (0.33 Hz) at RMPs, and then applied a subsequent 'test' application of ACh 18 s later under a variety of experimental conditions (Fig. 5) . When ACh was delivered at RMPs, cholinergic SK responses (initially −2.9 ± 0.2 mV during initial ACh applications; n = 17) ran down rapidly, being absent or very small (−0.6 ± 0.2 mV; n = 17) following the test application of ACh 18 s later (Fig. 5A) . Pairing the initial application of ACh with a subthreshold current step (2.5 s, generating 8.2 ± 0.7 mV of depolarization) enhanced initial SK response amplitudes to −5.9 ± 0.3 mV (P < 0.05, paired Student's t-test), but did not prevent rundown of responses over time (mean SK response at RMPs 18 s later was −0.7 ± 0.2 mV; Fig. 5B ). While subthreshold depolarizations occurring alone, prior to the test application of ACh, failed to rescue cholinergic inhibitory responses (Fig. 5C ), test responses (−6.1 ± 0.6 mV) were rescued to baseline amplitudes (−6.3 ± 0.3 mV; P = 0.71, paired Student's t test) when test applications of ACh occurred concurrently with subthreshold depolarization (Fig. 5D ).
Rescued SK responses during subthreshold depolarization could not be attributed to the increase (36 ± 4%; n = 17) in driving force for potassium conductances (E K = −102 mV), as SK responses to test ACh applications at depolarized potentials remained significantly larger (at −6.3 ± 0.3 mV) than predicted by the increased driving force alone (prediction = −1.1 ± 0.3 mV; P < 0.05, paired Student's t-test). How does subthreshold depolarization rescue cholinergic SK responses? One possibility is that M1 receptors are voltage-sensitive (Ben-Chaim et al. 2003 , 2006 Rinne et al. 2015) and unable to reliably initiate signal transduction at RMPs. Alternatively, response rundown could reflect depletion of intracellular calcium stores that are rapidly refilled by coincident mAChR stimulation and subthreshold depolarization. To test these two possibilities, we compared the latencies of rescued cholinergic inhibitory responses when subthreshold depolarizing current steps were applied at variable delays (0-500 ms) relative to ACh application In all experiments, 4 s of suprathreshold current was applied shortly before beginning of the trial to prime initial SK responses. * P < 0.05. (Fig. 6) . If rescue of cholinergic inhibition results from voltage-sensitive M1 receptors, mAChR signal transduction, and therefore the latencies of rescued responses, should be time-locked to subthreshold depolarization rather than to ACh exposure. Alternatively, if response rundown reflects insufficient calcium stores to engage SK channels, and response rescue depends upon voltage-and mAChR-dependent store refilling, the latencies of rescued SK responses should be less dependent on current step timing. Latencies to peak inhibitory responses following baseline applications of ACh (i.e. those paired with subthreshold depolarization following suprathreshold priming steps) varied from 658 ± 58 ms during initial trials to 743 ± 55 ms on final trials (n = 17; P = 0.43, paired Student's t-test). In these same trials, latencies of rescued inhibitory responses following test ACh applications 18 s later varied from 721 ± 60 ms in initial trials (where current steps were coincident with ACh applications) to 853 ± 36 ms when current steps were delayed by 500 ms (P < 0.05, Student's t-test; Fig. 6A-C) . Importantly, for all current step delays beyond 100 ms, this increase in response latency was significantly smaller than predicted for voltage-dependent mAChR signal transduction ( Fig. 6C ; P < 0.05; paired Student's t-test). In these same trials, response amplitudes following test applications of ACh were largely comparable to their baseline controls, except for a small decrease in amplitudes occurring when current steps were delayed by 400 or 500 ms ( Fig. 6D ; P < 0.05, paired Student's t-test). These results support the hypothesis that rundown of inhibitory SK responses reflects depletion of calcium stores, rather than a failure of mAChR signal transduction at RMPs.
If subthreshold depolarization rescues cholinergic inhibition by refilling intracellular calcium stores, response rescue should require the presence of extracellular calcium. To test this, we attempted to rescue previously rundown inhibitory responses by pairing ACh applications with subthreshold depolarization in baseline conditions (i.e. in the absence of local perfusion, n = 5, or with local perfusion of regular aCSF, n = 6) and after local perfusion with calcium-free aCSF (n = 11; Fig. 7) . Under baseline conditions, inhibitory cholinergic response amplitudes were −5.4 ± 0.6 mV, while rescued responses were −6.5 ± 0.7 mV (n = 11; P = 0.10, paired Student's t-test). On the other hand, in trials where calcium-free aCSF was locally perfused between baseline and test ACh applications, response amplitudes dropped from −5.8 ± 0.7 mV (baseline) to −2.2 ± 0.4 (P < 0.05, paired Student's t-test), confirming that extracellular calcium is necessary for rescue of cholinergic SK responses. Together, these results support the hypothesis that cholinergic signalling rapidly depletes intracellular calcium stores at RMPs, but that, when paired with subthreshold depolarization, mAChRs also facilitate rapid refilling of stores by promoting the influx of extracellular calcium.
Discussion
ACh generates two distinct physiological responses in pyramidal neurons, including transient inhibition mediated by SK-type calcium-activated potassium channels (Gulledge & Stuart, 2005) , and longer-lasting excitation involving one or more non-specific cation conductances (Andrade, 1991; Haj-Dahmane & Andrade, 1996 Klink & Alonso, 1997; Egorov et al., 2002 Egorov et al., , 2003 Shalinsky et al., 2002; Magistretti et al. 2004; Yan et al. 2009; Zhang & Seguela, 2010; Rahman & Berger, 2011; Zhang et al. 2011; Dasari et al. 2013; Lei et . Cholinergic SK responses are time-locked to ACh exposure, rather than to the timing of subthreshold current steps A, superimposed voltage responses for trials in which ACh was applied three times (black and grey arrows) to 'run down' cholinergic SK responses, followed by a test application of ACh (red arrow) paired with a subthreshold current step applied at variable delay (0-500 ms, in 100 ms intervals). RMP was −75 mV on the first trial (black trace), and −74 mV on subsequent delayed test trials (grey traces). B, enlarged view of cholinergic responses to the test applications of ACh shown in A. C, plot of latencies to peak SK response for initial ('baseline') ACh applications (black) and for SK responses occurring after test ACh applications were paired with variably timed subthreshold current steps (red). The dashed line (45 deg) indicates the predicted delay in peak SK response if cholinergic signal transduction were time-locked to current steps, rather than to ACh application. Black asterisks indicate P < 0.05 when comparing baseline response latencies to test response latencies. Red asterisks indicate P < 0.05 when comparing test response latencies to those predicted for voltage-dependent mAChR signal transduction. D, plot of the amplitudes of cholinergic inhibitory responses during baseline (black) and test (red) ACh applications. Black asterisks indicate P < 0.05 when comparing test response amplitudes to baseline response amplitudes.
J Physiol 595.5 2014). Paradoxically, these opposing actions of ACh on pyramidal neuron excitability are mediated by a single mAChR subtype, the G q -coupled M1 receptor (Gulledge et al. 2009; Dasari & Gulledge, 2011) . In this study we explored the rundown and rescue of cholinergic SK responses at subthreshold membrane potentials, testing the 'unifying hypothesis' that cholinergic inhibition and excitation in cortical pyramidal neurons represent complementary mechanisms governing calcium cycling between the endoplasmic reticulum, the cytosol and the extracellular space (Fig. 8) . According to this model, M1 signal transduction stimulates calcium release from intracellular stores via IP 3 -dependent calcium release, while also facilitating voltage-dependent calcium influx to refill intracellular calcium stores. Our results suggest that store refilling occurs rapidly, within ß200 ms, at subthreshold membrane potentials, and is sufficient to rescue cholinergic SK responses generated by already-in-progress mAChR-mediated signal transduction. Brief periods of action potential generation prime cortical pyramidal neurons for G q -mediated calcium-release from intracellular stores, allowing for robust SK responses that otherwise rundown rapidly in the absence of depolarization (Gulledge & Stuart, 2005; . Two alternative, but not mutually exclusive, hypotheses may explain this behaviour. In one scenario, mAChR signal transduction is voltage-dependent and enhanced by depolarization.
Indeed, mAChRs exhibit modest voltage sensitivity, and gating currents for both M1 and M2 receptors have been measured (Ben-Chaim et al. 2003 , 2006 Rinne et al. 2015) . However, several observations suggest that voltage-dependency of cholinergic single transduction does not contribute to SK response rundown at RMPs. First, when neurons are 'primed' with suprathreshold current injections, subsequent SK responses occur reliably at RMPs and are associated with calcium transients of similar magnitude to those occurring during sustained suprathreshold depolarization (see Fig. 1 ). Second, following rundown of cholinergic inhibition, test applications of ACh at RMPs can generate small depolarizing responses (for example, see Fig. 5A ), suggesting that at least some aspects of mAChR signal transduction occur at RMPs in the absence of priming. Third, delaying subthreshold depolarizing steps by up to 500 ms after ACh applications has little impact on SK response latency (see Fig. 6 ), a finding inconsistent with voltage-dependent mAChR signal transduction. Finally, subthreshold depolarizations that rescue cholinergic inhibition are small (ß8 mV), while the reported voltage-sensitivity of M1 receptors is extremely weak, with already robust responses at −90 mV being enhanced only by ß0.5% per millivolt of depolarization from −90 to +60 mV (Rinne et al. 2015) . Thus, voltage sensitivity of mAChRs is unlikely to explain rundown of cholinergic SK responses at RMPs. A second hypothesis, that the rundown of SK responses reflects depletion of intracellular calcium stores that are subsequently refilled by pairing mAChR activation with subthreshold depolarization, is supported by our findings that SK responses are time-locked to ACh delivery, rather than to the timing of depolarization (see Fig. 6 ), and that SK response recovery requires the presence of extracellular calcium (see Fig. 7) . However, such calcium store refilling would need to be rapid enough to allow calcium flow through already open IP 3 receptors to trigger SK responses, as G q -triggered SK responses are absent when sarco/endoplasmic reticulum calcium-ATPase (SERCA) pumps are blocked (Fiorillo & Williams, 1998; Gulledge & Stuart, 2005; Power & Sah, 2007; Hagenston et al. 2008; Power & Sah, 2008; El-Hassar et al. 2011) . Can calcium store refilling occur rapidly enough (within ß100 ms; see Fig. 6 ) to rescue SK responses? In cardiomyocytes, calcium cycling through intracellular stores can occur extremely rapidly. For instance, some small birds and mammals have resting heart rates approaching 600 beats per minute (ß10 Hz; Detweiler & Erickson, 2004) , and hummingbird heart rates can reach 1200 beats per minute (ß20 Hz) during flight (Lasiewski, 1964) . Thus, calcium cycling into and out of the sarcoplasmic reticulum of some cardiomyocytes occurs at 50-100 ms intervals, suggesting it is physiologically feasible that mAChR-stimulated calcium influx and SERCA-mediated store refilling occur rapidly enough to rescue previously rundown SK responses.
Which ion channels mediate calcium influx during mAChR stimulation? A variety of ionic effectors probably contribute to cholinergic excitation of cortical neurons (Andrade, 1991; Haj-Dahmane & Andrade, 1996 Yan et al. 2009; Zhang et al. 2011; Dasari et al. 2013; Thuault et al. 2013; Lei et al. 2014; Kurowski et al. 2015) . Some of these effectors, including transient receptor potential cation (TRPC) (Yan et al. 2009; Zhang et al. 2011) channels, are attractive candidates because they are both calcium permeable and gated by G q signal transduction (Wu et al. 2010) . However, both cholinergic excitation and rescue of SK responses are voltage-sensitive, and facilitated by depolarization above RMPs. While homomeric TRPC channels typically lack this voltage sensitivity, heteromeric TRPC channels comprising TRPC1 and TRPC5 subunits exhibit negative slope conductances at subthreshold membrane potentials (Strübing et al. 2001) . The diversity of potential heteromeric TRP channels may explain the robustness of cholinergic excitation across neuron types and animal species, as well as the range of results from pharmacological and gene knockout studies ACh acts primarily through G q -coupled M1 subtype muscarinic receptors (Gulledge et al. 2009 ) that act via phospholipase C (PLC) to generate inositol trisphosphate (IP 3 ), thereby triggering calcium release from IP 3 receptors in the endoplasmic reticulum (ER). Released calcium activates SK-type potassium channels (Gulledge & Stuart, 2005) , but fails to return to the ER and is instead extruded from the cytosol via the plasma membrane calcium ATPase (PMCA) and sodium-calcium exchanger (NCX; Proulx et al. 2014) . M1 activation also promotes excitation, and refilling of calcium stores, through an as-yet-unknown cadmium-and voltage-sensitive calcium-permeable conductance.
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aiming to identify the ionic effectors mediating cholinergic excitation (Yan et al. 2009; Zhang et al. 2011; Dasari et al. 2013; Lei et al. 2014) . Alternatively, the voltage dependency of SK response rescue may be indirect, as calcium entry through T-type (Yan et al. 2009 ) or L-type (Power & Sah, 2005 ) calcium channels at subthreshold membrane potentials may facilitate or gate G q -triggered activation of TRP-like channels. Additional studies will be necessary to confirm whether TRPC1/TRPC5, or other heteromeric TRP channels, alone or in combination with voltage-gated calcium channels, are responsible for the store-refilling engaged by M1 receptors in cortical pyramidal neurons.
Functional relevance of muscarinic signalling in pyramidal neurons
Phasic release of ACh in the prefrontal cortex facilitates a range of cognitive processes, including attentiveness to salient environmental cues (Parikh et al. 2007; Gritton et al. 2016) . While cholinergic responses in pyramidal neurons exhibit a degree location-and layer-dependent specificity Dembrow et al. 2010; Hedrick & Waters, 2015) , the signalling mechanisms engaged by mAChRs, including transient SK-driven inhibition and longer-lasting excitation, are robust and generally conserved in pyramidal cells across the neocortex and in the hippocampus. How do these two opposing responses, inhibition and excitation, contribute to cortical processing? At any given moment, fluctuations in the membrane potentials of individual pyramidal neurons within a population reflect unique patterns of ongoing synaptic input. Some neurons will be close to, or at, action potential threshold, while others may be hyperpolarized and quiescent. We propose that transient ACh release in the cortex, as occurs in response to salient environmental cues (Parikh et al. 2007) , may help focus attention on relevant sensory input by transiently driving populations of pyramidal neurons toward a common hyperpolarized membrane potential via M1-receptor-driven calcium release from intracellular stores and SK channel activation. Such hyperpolarization may serve to 'reset' synaptic integration across populations of pyramidal neurons, such that future action potential generation more accurately reflects updated, rather than previous, patterns of afferent input. At the same time, voltage-dependent cholinergic excitation will preferentially enhance the action potential output of neurons that subsequently receive threshold levels of new excitatory drive, while neurons receiving less drive will remain quiescent. In this way, ACh may selectively enhance the output of neurons most relevant to perceiving, or generating behavioural responses to, the stimuli triggering ACh release. Finally, by enhancing voltage-dependent calcium influx, cholinergic excitation effectively refills the intracellular calcium stores responsible for SK-mediated inhibition, therefore ensuring inhibitory signalling fidelity in response to future ACh transients.
